Abstract-Industrial induction heating (IH) is a key manufacturing process due to its benefits in terms of efficiency, accurate output power control, and high performance. These features have made possible the extension of this technology to a wide range of industries from automotive to aeronautic, domestic, or renewable energies. One of the main challenges still present is the design of a high-performance and cost-effective process for those induction targets with complex geometries exposed to the magnetic field, being the most representative example gears present in most mechanical systems. Usually, in order to optimize the heating process, multifrequency IH systems are used, being often expensive and/or difficult to tune and control. The aim of this paper is, consequently, to propose a family of power converters able to supply the inductor system with two simultaneous frequencies in order to improve the heating process of the induction target. The proposed converter takes advantage of a multiresonant network allowing full control of the output power delivered at each frequency and, at the same time, a compact and cost-effective implementation. The proposed converter is analyzed, designed, and implemented, and experimental verification of its operation is provided in this paper.
I. INTRODUCTION

I
NDUCTION heating (IH) has become the heating technology of choice in many industrial [1] , [2] , domestic [3] , and medical applications [4] due to its benefits in terms of efficiency, accurate output power control, and performance, leading to a superior quality process [5] . Regardless the application, IH is based on applying an alternating magnetic field to an induction target to be heated (see Fig. 1 ). The design of the coil as well as the ac source, i.e., power converter, must be adapted to the characteristics of the desired process, including the target geometry and temperature distribution among others.
Modern IH processes require fast heating of complex geometries, including gears for the automotive and aeronautic indus- tries. Heating of such elements require accurate power delivery at different frequencies in order to provide a homogeneous heating, both at the tooth crest and tooth valley to provide superior mechanical properties and prevent unwanted stress.
Dual-frequency hardening has been proposed in the past as an efficient method to provide fast and homogeneous heating in target pieces with complex geometries [6] . To achieve this aim, several proposals covered in many patents, papers, and commercial products have been proposed. The main approaches are summarized according to the technology employed in Fig. 2 . The first approach is a straight-forward solution proposing one [7] or 0885-8993 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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several inverters supplying two IH coils [8] , [9] [see Fig. 2(a) ], i.e., each coil has its own inverter. This solution provides an easy implementation but has severe limitations in terms of performance, since the application of the magnetic field is not simultaneous. To overcome this limitation, several manufacturers have proposed simultaneous dual-frequency heating using a single coil and two inverters, usually coupled through transformers [see Fig. 2(b) ] [10] , [11] . This solution provides better performance, but still presents a significant redundancy due to the use of two independent power converters. Finally, several authors have recently proposed the use of a single power converter to provide simultaneous dual-frequency operation [12] - [18] . This is a cost-effective solution that provides a higher performance. However, it is difficult to design the resonant tank to be able to control the output power share and to ensure soft-switching operation. So, the resultant output power control and efficiency are limited. Other approaches propose the use of multilevel inverters [19] , enabling higher versatility with a more costly and complex implementation. The aim of this paper is to propose a versatile multiresonant power converter for simultaneous dualfrequency IH systems using a single power converter with full output power control and soft-switching operation [20] . Unlike previous proposals, this converter is designed and implemented to operate with a single IH coil, and a wide family of full-/halfbridge (FB)/(HB) configurations is proposed, also enabling its operation without requiring coupling transformers. The main advantage of this proposal is the possibility to generate a fully controllable dual-frequency IH with a single power converter. Besides, the power converter is designed to be able to operate without isolation transformer and operate under zero voltage switching (ZVS) condition, leading to a high-performance and cost-effective implementation. The remainder of this paper is organized as follows. Firstly, the proposed family of multiresonant converters is presented in Section II. Considering the proposed application, the halfbridge-based implementation is selected and its detailed operation is analyzed in Section III, which can be extended to the rest of the proposed family. Section IV presents the main implementation and experimental results proving the proper operation during the operation of induction heating a gear and, finally, the main conclusions of this paper are summarized in Section V.
II. MULTIRESONANT CONVERTERS
A. Proposed Topology Family
This paper proposes a family of power converters following the scheme of single-inverter simultaneous-dual-frequency operation to achieve a high-performance IH process combining high-power density and cost-effective implementation. Fig. 3 shows the proposed topology family based on the use of a multiresonant network adapted to the IH load, which is modeled as a series inductor and resistor L L , R L [21] . The resonant network is composed of a high-frequency (HF) resonant tank, i.e., C r ,HF − L L , and a low-frequency (LF) resonant tank, i.e., Fig. 3 summarizes the main implementation including the following: (a) HB, (b) FB, and (c) three-phase, multiresonant simultaneous-dual-frequency topologies. Depending upon the application, the appropriate topology must be selected. Fig. 4 shows a qualitative output power chart comparing the optimum operating regions considering the HB inverter as base topology composed of an inverter branch (IB). On the one hand, a square output power region is obtained if HB or FB topologies are used to feed each frequency range. It is important to note that the maximum output power achievable with the FB topology is four times the maximum output power obtained with the HB. On the other hand, asymmetrical regions can be obtained by using a three-inverter-branch (3 IB) converter. One of the main benefits of this implementation consists of the reconfigurability of this solution that enables the configuration of different output power for each frequency range, depending on the application instantaneous requirements providing additional flexibility. Considering a medium-power application and for the sake of simplicity, the analysis and experimental results performed in the following sections will be focused on the HB implementation (2 IB), although the main results and conclusions are applicable to the complete proposed family. It is important to note that the proposed analysis can be easily extended to the FB topology, only by considering a bus voltage 2 V s .
III. PROPOSED HB TOPOLOGY
The proposed HB simultaneous-dual-frequency topology [see Fig. 3(a) ] consists of two HB branches, S LF,1 − S LF,2 and S LF,1 − S LF,2 , typically composed of insulated gate bipolar transistors (IGBTs), and the multiresonant network. The resonant networks are composed of the IH load equivalent elements, i.e., L L and R L , and additional components for the LF and HF tanks. Consequently, the LF tank is composed of L r ,LF − C r ,LF , where L r ,LF = L L + L LF , and the HF tank is composed of C r ,HF -L L . The main advantages of this topology are the use of a single converter, which can be commonly implemented using a reliable IGBT module, the possibility to avoid coupling transformers as well as the use of a common filter-power factor corrector (PFC)-rectifying unit at the input. Besides, as it will be explained in subsequent sections, it is possible to control independently the output power at each frequency to optimize the IH process while achieving soft-switching operation.
A. Operation Description
The equivalent circuit of the proposed HB simultaneous-dualfrequency topology is depicted in Fig. 5 , where the IBs have been replaced by their equivalent voltage sources. From this figure, it is clear that the output current, i o , is the sum of the LF current, i o,LF , and the HF current, i o ,HF . Fig. 6 shows the main waveforms of the proposed topology, including the output current and a detail of the LF and HF switching waveforms. It is important to note that both resonant tanks are operated above the resonant frequency, achieving ZVS turn-on transition regardless the operation of the other IB. Besides, the resonant inductor, L LF , is designed in order to avoid current cross conduction between the IBs. Consequently, the output power delivered at each load can be easily controlled with each IB using either square-wave modulation, asymmetrical duty cycle control [22] , pulse density modulation [23] - [25] , or a combination of them [26] .
B. Topology Analysis
In order to analyze the proposed topology, the main electrical magnitudes in the power devices and resonant tanks must be obtained. At this point, it is important to note that although the R L -L L equivalent IH load circuit is accepted to be accurate in a certain operating region, these values change with the material temperature and geometry, as well as the excitation frequency among other parameters.
Indeed, the proposed simultaneous-dual-frequency topology takes advantage of the different magnetic coupling and penetration depth at different frequencies to create the desired thermal profile for the IH process. Assuming that the resonant tank is designed properly, the LF network impedance will reject any HF current and vice versa. Consequently, the LF and HF resonant tanks can be analyzed independently. Afterward, and considering that these are linear circuits regardless their frequency dependence, the results can be combined using the superposition principle.
As it has been explained, each one of the resonant circuits can be analyzed independently as a series resonant circuit, where for simplicity equivalent inductors for the LF and HF tanks, L r,LF , and L r,HF , have been defined as follows:
Consequently, the differential equation that defines the operation of each resonant circuit is
(2) where X defines the LF or HF equivalent resonant tanks, and v o , X is the output voltage applied to the resonant tank that equals V s or 0 depending on the switches state. By defining ξ X = R L /2L r,X , as the damping factor, ω o,X = 1/ √ L r , X C r , X , as the resonant angular frequency, and ω n,X = √
X , as the natural angular frequency. Besides, applying the superposition principle, the inductor current will be obtained as
The solution of the differential equation can be obtained [27] as
Applying the same methodology, the resonant capacitor voltage, v c,X , can be obtained as
From these expressions the output current and resonant capacitor voltages can be computed. Fig. 7 shows the main waveforms and spectral components for different output power distributions. Depending upon the desired output power distribution to perform the required IH operation, amplitudes of LF and HF components are varied accordingly. Moreover, in order to adapt the output currents and, consequently, the output power, the switching frequency of each inverter is slightly modified following its resonance curve.
Assuming that square-wave modulation is applied, i.e., the duty cycle D X = 0.5, the maximum output power as a function of the switching frequency f sw [27] for each resonant tank is Consequently, the total output power can be computed as
At this point, it is important to note that usually the IH process will require to optimize the output power delivered at each frequency as well as the total output power; so, a careful knowledge and design of the process is required. Fig. 8 shows an illustrative example of the normalized output current curves for the LF and HF resonant tanks, including the ZVS operation region. From this figure, it is clear that it is possible to control the LF and HF output power/current in a wide range of operating conditions operating under ZVS. 
IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS
In order to prove the feasibility of the proposed topology and experimentally verify its proper operation, a multiresonant HB simultaneous-dual-frequency IH prototype has been designed and built. A three-phase module IGBT module FS150R12PT5 has been used to provide a versatile test-bench which enables to test all the proposed topology family, as shown in Fig. 9 . However, for coherence and simplicity, HB experimental results are shown by using two of the three IBs.
The design parameters are given in Table I . The measured equivalent inductance of the IH load results L L = 1200 nH; therefore, the resonant capacitor for the HF side is selected as C r ,HF = 1410 nF. In order to decouple the HF and the LF branches, the series inductance has been selected ten times higher than the one of the IH load, resulting L LF = 12 μH. The series resonant capacitor is selected as C r ,LF = 5 μF. Consequently, the resonant frequencies are set at 20 kHz for the LF resonant tank and 120 kHz for the HF resonant tank, respectively. These values are selected to avoid acoustic noise and enable safe and efficient operation using IGBT technology. Finally, the output transformer is designed to have 30:3 turns using a molypermalloy powder (MPP) toroid core and Litz wire to ensure low winding losses.
The power converter uses a versatile field programmable gate array (FPGA)-based control architecture. The output voltage and current of each IB is measured, so the output power, average, and rms values of voltage and currents can be measured for control and protection purposes. After that, independent proportional integral (PI) control [28] can be applied to each resonant tank to obtain the desired LF and HF output powers according to the desired IH process. Besides, the control architecture takes advantage of a Wi-Fi interface to communicate both settings and measurements to a computer for convenient and safe user supervision. Fig. 10 shows the experimental prototype, including the (a) power converter and (b) the resonant network and induction coil. The IH coil is built using a four-turn copper pipe for proper thermal management and the IH target is a gear to test the proposed simultaneous-dual-frequency operation. Finally, 11 shows the main waveforms of the proposed converter, including from top to bottom the output current, the output voltage, and the output current of each IB, HF, and LF, respectively. In this figure, different operating points are set to highlight the possibility of controlling the output power at each frequency in order to obtain the desired IH profile from maximum power at HF [see Fig. 11(a) ] to maximum power at LF [see Fig. 11(d) ], including several blended modes in between [see Fig. 11 (b) and (c)]. From these figures, it is clear that the proposed converter achieves the desired versatile operation with different output power distributions while maintaining soft switching at both IBs. Consequently, high control versatility with improved efficiency and reliability is obtained in the whole operating range.
V. CONCLUSION
This paper has proposed a family of power converters suitable for multifrequency IH for improved processes of complex geometry elements. The proposed converter is based on the use of a multiresonant network which enables simultaneousdual-frequency operation using a single converter with full control. Compared with the state of the art solutions, the proposed converter achieves single-coil single-converter implementation, leading to higher power density, simplicity, and reduced cost. Besides, the proposed converter can control independently the output power delivered at each frequency while maintaining soft-switching operation in the whole operating range, providing improved process control and efficiency.
In order to prove the feasibility of this proposal, a dualfrequency IH prototype has been designed and implemented using the proposed multiresonant HB topology. The experimental results confirm and prove the advantages of this proposal, guaranteeing the proper converter operation under a wide range of operating conditions.
